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ABSTRACT 
Electromagnetic waves interact with different obstacles or materials. The propa-
gation of electromagnetic waves depends on how they interact with different ma-
terials. Understanding the transmission and reflection characteristics of various 
media leads to understanding the propagation of electromagnetic waves. The 
transmission and reflection of radio waves are dictated by the dielectric proper-
ties of the material. The estimation of dielectric properties of a material is ac-
quired by proper measurement techniques and methods. In this thesis, a meas-
urement setup for assessing complex dielectric constant is verified. The measure-
ment setup is designed with two high frequency horn antennas and a two-port 
vector network analyzer, controlled by a computer via a GPIB interface. Various 
measurement scenarios and results needed to achieve the goal are presented in 
the thesis. All measurements are done in an anechoic chamber. The measurement 
data is collected in frequency ranges of 1-9.5 GHz and 9.5-18 GHz.  Furthermore, 
reflection measurements are taken from the side wall absorbers in the same ane-
choic chamber for checking the wall absorption characteristics. The key findings 
of this experiment are dielectric constant, Brewster angle and the reflection coef-
ficient. The obtained value of the dielectric constant can be further used for sim-
ilar type of environments or measurement setup. 
 
Key words: electromagnetic waves, dielectric constant, vector network analyzer, 
anechoic chamber. 
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1. INTRODUCTION 
Radio technology used electromagnetic waves for transmission and detection in a 
straight line or by reflection [1]. Generally, for radio communication microwave bands 
are used but its need to increase bandwidth of the communication to fulfil the demand 
of various applications, e.g., artificial intelligence, internet of things, virtual reality, 
high definition video. In millimeter-wave (mmW) there is huge availability of band-
width thus, mmW becomes the researchable topic for radio communications. 
Though for emerging applications and demands increasing of bandwidth is highly 
needed, and mmW is the greatest solution for that, but there are some challenges com-
municating via mmW. It suffers from attenuation badly. The signal strength can be 
reduced due to gas, rain, and humidity absorption. Millimeter-waves have very short 
in wavelength and they are suitable for short range communication, and usually line 
of sight communication is needed. The nature of propagation of electromagnetic waves 
depends on the transmission and reflection characteristic form different materials in 
the environment. Thus, dielectric constant plays an important role in such communi-
cation. The key concern of this thesis is to arrange and verify a measuring setup to find 
out the complex dielectric constant of a plywood samples. A communication link has 
been created and measuring data are collected in frequency range 1-18 GHz by using 
vector network analyzer (VNA). VNA is a good instrument for this kind of setup. The 
setup is very simple because here only one TX antenna and one RX antenna are 
needed. It is possible to move the position and angle of the antenna to utilize a VNA 
based measurement system successfully, phase stability and length of the measurement 
cables play an important role. Another drawback of VNA is that it needs more sweep 
time proportional to number of measurement points. It is obvious that the throughput 
is going higher as much as the number of measurement points is lower, but the larger 
number of measurement points give higher trace resolution [2].  
Many researchers had showed their interest in measuring dielectric constant and 
measured different dielectric materials. These researches and their findings give effi-
cient techniques and methods to characterize the dielectric properties. A free-space 
measurement technique for estimating the complex dielectric is presented in [3]. The 
measurement process is done by using two horn antennas and a VNA. To estimate the 
dielectric properties of various walls at frequency range of 0.7-7 GHz, an oblique re-
flection model is implemented in [4]. The measurement setup is completed by a four-
port vector network analyzer and two wideband dual-polarized cross-shaped antennas.  
Two 8 m long coaxial cables are also used. Measurements for parallel and perpendic-
ular polarizations are obtained respectively by using the dual-polarized antennas. 
Time-domain gating is applied to separate the desired reflection and to suppress the 
line-of-sight component from the delayed response. Reference [5] has used pseudo-
Brewster angle for measuring dielectric constant.  In their experiment, two horn anten-
nas are used to transmit and receive p-polarized waves. A dielectric sheet is located 
between the two antennas and rotated, which produces two peaks in the transmittance 
curves. From the curve the reflection coefficient is measured and thus the dielectric 
constant is achieved. 
This thesis firstly gives the concept and aim of the whole work including some 
related works to this paper in chapter 1. Chapter 2 explains the nature of electromag-
netic wave propagation and its properties. Chapter 3 gives the idea of dielectric con-
stant and its effect. In chapter 4, discussion of channel modelling is presented, and 
chapter 5 elaborates about the measurement techniques. Chapter 6 presents the results 
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of the experiments and the analysis which established that the results are valid. Chapter 
7 is based on the evaluation of proposed model and possible improvements in future. 
The whole work and concept are summarized in chapter 8, and finally, chapter 9 holds 
the references that are used during the study. 
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2. PROPAGATION MECHANISMS 
This chapter discuss about the propagation nature of an electromagnetic wave and the 
challenges during propagation. The electromagnetic waves do not need a medium to 
transfer their energy from one location to another like mechanical waves do. It can 
travel through the vacuum, but in our real world the propagation electromagnetic 
waves can affected by different obstacles.  
 
2.1. Nature of propagation 
Electromagnetic waves are created by moving electrons. Maxwell’s equations explain 
the propagation of electromagnetic waves, which denote that a changing magnetic field 
produces an electric field and vice-versa [6]. This is responsible for the self-propaga-
tion of electromagnetic waves. Connecting antennas to an electrical circuit, the elec-
tromagnetic wave can be transmitted efficiently, and a receiver can receive it from 
some distance. 
  
2.1.1. Line-of-sight propagation 
When signals are transmitted and received by a transmitter and a receiver without any 
type of obstacle between them is known as line-of-sight communication. FM radio, 
microwave and satellite transmission, etc. are examples of line-of-sight communica-
tion. Electromagnetic waves that are travelling in free space are propagating outward 
from the source in all directions, resulting in a spherical wavefront. These kinds of 
sources are called isotropic radiators, and which do not exist in the real world. The 
antenna polarization at the receiving end may ideally be like the polarization of the 
received wave. Similarly, the polarization of a transmitted wave is the same as that of 
the antenna from which it produced a vector cross product [7]. The vector cross prod-
uct of an electric (E) field and a magnetic (B) field at any point indicates the direction 
of power flux at that point 
 
 𝑺 = 𝑬 × 𝑩 . (1) 
 
This cross product is known as the Poynting vector. By dividing this Poynting vector 
with the characteristic impedance of free space, one can get the resulting vector which 
gives both the direction of propagation and the power density. Consider the surface of 
an imaginary sphere surrounding the RF source than the power density can be ex-
pressed as 
 
 𝑆 = 𝑃 (4𝜋𝑑2)⁄  , (2) 
 
where P is the total power at the source, d is the radius of the imaginary sphere and S 
is the power density on the surface of the sphere in W/m2 or equivalent. From (2), it 
seems that the power density of the electromagnetic wave is inversely proportional to 
𝑑2. The velocity of an electromagnetic wave depends upon the medium. In a vacuum, 
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the velocity of the electromagnetic wave is approximately 𝑐 = 3 ⋅ 108 m/s. The veloc-
ity of the electromagnetic wave through the air is very close to that of vacuum, and the 
same value is generally used. The distance traversed by the wave over one cycle (pe-
riod) is determined as wavelength and it is generally denoted by the lambda 
 
 𝜆 = 𝑐 𝑓⁄  , (3) 
 
where f is the frequency.  
 
2.1.2. Non-line-of-sight propagation 
There exist several types of electromagnetic wave propagation except LOS propaga-
tion. Non-LOS propagation depends on the operation frequency. Non-LOS propaga-
tion describes terrestrial propagation where the transmitter and receiver have an obsta-
cle between them. Meaningful communication can take place when reflection from 
and diffraction around buildings and foliage may provide enough signal strength. The 
effectiveness of indirect propagation is depended upon the amount of margin in the 
communication link and the signal strength of the reflected or diffracted signals. Fre-
quencies from HF to UHF penetrate buildings and significant foliage quite simply. 
On the other hand, VHF and UHF will have a greater tendency to diffract around or 
reflect/scatter from the objects in the path. The obstruction tends to reflect or diffract 
the waves instead of scattering it when its options are compared to wavelength. 
 
2.2. Affected phenomena during propagation 
2.2.1. Reflection 
Reflection refers to the direction change of a wave-front at the interface within two 
different media, thus it returns or bounces back towards the medium from which it 
originated. Radio waves are usually reflected from the ground and objects such as 
buildings. This can have several effects on radio systems. The reflection process is 
determined by the reflection coefficient. As we know, both amplitude and phase 
changes take place at the point of reflection since the coefficient is in general complex. 
Thus, if 𝑬𝑖and 𝑬𝑟 are determined as the incident and reflected fields before and after 
the reflection point, we can write [8] 
 
 𝑬𝑟 = 𝜌𝑬𝑖 , (4) 
 
where ρ indicates the complex reflection coefficient. The reflection coefficient de-
pends on the electrical properties of the two media, the angle of incidence, the fre-
quency, and polarization of the incident signal. In the case of p-polarization, the elec-
tric field is parallel to the normal of the surface; in the case of s-polarization, the elec-
tric field is perpendicular. These refer to the relationship of the incident electric vectors 
with the plane containing the incident and reflected waves. The following electrical 
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properties must be known for the two media to calculate the complex reflection coef-
ficient at a plane boundary between them. 
 
Permittivity is defined by 
 
 ɛ = ɛ0ɛ𝑟  , (5) 
 
where ɛ0 =  8.854. 10
−12 Fm-1 is the permittivity of vacuum and ɛ𝑟 is the relative per-
mittivity. 
 
Permeability is defined by 
 
 𝜇 = 𝜇0𝜇𝑟  , (6) 
 
where 𝜇0 =  4 𝜋 ⋅ 10
−7 Hm-1 is the permeability of vacuum and 𝜇𝑟 is the relative per-
meability.  
 
Two important characteristics of radio waves are derived from these quantities. 
The ratio of the electric and magnetic field is called the wave impedance 
 
 η = √(𝜇/ɛ) . (7) 
The wave impedance of vacuum,  η0 = √(𝜇0 ɛ0⁄ ) ≈ 377Ω and the wave velocity is 
denoted as 
 
 𝑐 = √1/(𝜇ɛ) . (8) 
 
The wave velocity in vacuum, 𝑐0 = √1/(𝜇0ɛ0) = 2.998⸱10
8 ms-1 
 
 
2.2.2. Refraction 
Refraction means the change in direction and velocity of the electric field when it 
passes from one medium into another. Consider the case, the wave passes air to glass 
and travels through the glass. Now by approaching the surface at an angle consider the 
wavefront, we can observe the fact that the wavefront bends as it passes from air to 
glass.  The bending occurs because the wavefront does not travel as far in one cycle in 
the glass as it does in the air.  The wavefront into the glass travels a smaller distance 
in glass than it does in air, causing it to bend in the middle.  Thus, the wave, which is 
perpendicular to the wavefront, also bends. The incidence angle and the indices of 
refraction of glass and air is responsible for the amount of bending, which determines 
the change in speed.  
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 From Figure 1, it is possible to explain the Snell’s law for angle of refraction or the 
law of refraction [9] 
 
For μ1 = μ2 it can be written 
 
 
𝑠𝑖𝑛ɵ2
𝑠𝑖𝑛ɵ1
=  √
Ɛ𝑟2
Ɛ𝑟1
 , (9) 
where medium 1 is a vacuum (or air), Snell’s law is often quoted in terms of the re-
fractive index of the other material. Refractive index n is given by: 
 
 𝑛 = 𝑐 𝑣⁄  , (10) 
 
where c and 𝑣 are the velocities in vacuum and the material, respectively. Thus 
 
 𝑛 = √ε𝑟 . (11) 
 
This is the law which relates the angle of incidence and the angle of transmitted wave  
at the interface of two different media. The law is applicable for all materials. The case 
of refraction is more complicated than reflection and thus understanding of Snell’s law 
is compulsory. Now, from Figure 1 calculating the unknown index is easier with a 
known refractive index by measuring angles and applying Snell’s law. 
 
Figure 1. Reflection and refraction between two media 
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2.2.3. Diffraction 
Diffraction is such a characteristic that occurs when a wave meets with an obstacle or 
an opening. The diffracting objects are crucially becoming a secondary source of the 
propagating wave. Diffraction introduced a change in the direction of waves as they 
are passing by an opening or around a barrier in their way of propagation. The amount 
of diffraction is larger if the wavelength of the wave is large. Diffraction is possible 
when the gap size is about the same as the wavelength of the wave. So that the mini-
mum intensity occurs at an angle ɵ𝑚𝑖𝑛 given by 𝑤𝑠𝑖𝑛ɵ𝑚𝑖𝑛 = 𝜆, where w denoted as 
the width of the opening, ɵ𝑚𝑖𝑛 is known as the angle of incidence at which the mini-
mum intensity occurs, and λ is the wavelength of the electromagnetic wave [10]. 
The intensity can be measured by using the Fraunhofer diffraction equation as 
 
 𝐼(ɵ) = 𝐼0𝑠𝑖𝑛𝑘
2(
𝑤𝜋
𝜆
𝑠𝑖𝑛ɵ), (12) 
 
Where I(ɵ) is the intensity at a given angle, 𝐼0 is the original intensity, and the unnor-
malized sink function above is given 𝑠𝑖𝑛𝑘(𝑥) =
𝑠𝑖𝑛𝑥
𝑥
 if x ≠ 0 and sink(0)=1. 
 
2.2.4. Absorption 
An amount of electric charge is received by a particle when the electromagnetic wave 
is outcasted on it and resulting the transference of radiation energy and momentum 
[11]. Energy is absorbed from the wave and some amount of energy is reflected. Ab-
sorbing energy from electromagnetic wave is possible, consider as the examples is a 
black surface. It becomes hot from absorbing waves and little of them are reflected 
making the surface appear black. If the surface is painted with a white covering, it will 
reflect more of the waves and absorb less. Thus, a white surface will be cooler. 
 
2.2.5. Polarization 
Radio wave polarization is determined by the electric field traces out with time at a 
fixed observation point. A wave is linearly polarized when the polarization plane of an 
antenna collapses to a line and has an infinite axial ratio. Whereas a circularly polar-
ized antenna means the plane rotates in a circle and complete one complete revolution 
during each period of the wave. If the plane of propagation rotates clockwise, it defined 
as right-hand-circular (RHC) and if it is counter-clockwise, it is called left-hand-cir-
cular (LHC) [12]. A vertically polarized (linear) antenna is one whose electric field is 
perpendicular to the plane surface. If the electric field parallels to the plane surface, 
this known as the horizontally polarized (linear) antenna. For a circularly polarized 
wave, the energy is radiated in both horizontal and vertical planes. The difference be-
tween the maximum and the minimum peaks as the antenna is rotated through all an-
gles, known as the axial ratio or ellipticity and is usually measured in decibels (dB). If 
the axial ratio is equal to 0 dB then the antenna is ideally circular polarized but in the 
real world, we consider a circularly polarized antenna which having axial ration near 
0 dB. We can say an antenna is elliptically polarized if the scale of the axial ratio is 
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greater than 1-2 dB. To earn the best efficiency, we must use an antenna by maintain-
ing the same polarization on both ends of a communications path. The electric field 
can oscillate in any direction normal to the direction of wave propagation (which is 
parallel to the k vector). Presume that an electromagnetic wave in a plane is propagat-
ing in the z-direction. It follows that the electric field can oscillate in the x-y plane. 
The polarization of the wave is determined by the actual oscillation direction of the 
electric field. An electromagnetic wave in a vacuum having an angular frequency (ω) 
that is polarized in the direction of 𝑒𝑥 has the associated electric field [13] 
 
 𝐸 = 𝐸0cos (𝜔𝑡 − 𝑘𝑧)𝑒𝑥 , (13) 
 
where ω = kc. Similarly, a wave that polarized towards 𝑒𝑦  direction has the electric 
field [13] 
 
 𝐸 = 𝐸0cos (𝜔𝑡 − 𝑘𝑧)𝑒𝑦 . (14) 
 
The electric field vector of these two waves are oscillating to a line which means they 
are linearly polarized. Now, by combining this linearly polarized waves with different 
(x-direction, y-direction) directions can possible to obtain a circularly polarized wave 
[13]  
 
𝐸 = 𝐸0 cos(𝜔𝑡 − 𝑘𝑧) 𝑒𝑥 + 𝐸0 cos(𝜔𝑡 − 𝑘𝑧) 𝑒𝑦 . (15) 
 
This term arises from the fact that the tip of the electric field vector traces out a circle 
in the plane perpendicular to the direction of wave propagation. To be more exact, the 
previous wave is a right-hand circularly polarized wave, since if the thumb of the 
right-hand points in the direction of wave propagation then the electric field vector 
rotates in the same pattern as the fingers of this hand and its vice-versa for a left-hand 
circularly polarized wave [13] 
 
𝐸 = 𝐸0 cos(𝜔𝑡 − 𝑘𝑧) 𝑒𝑥 − 𝐸0 cos(𝜔𝑡 − 𝑘𝑧) 𝑒𝑦 . (16) 
 
Finally, if the x and y components of the electric field in the previous two expressions 
have different (non-zero) amplitudes then we obtain right-hand and left-hand ellipti-
cally polarized waves. 
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2.2.6. Scattering 
Scattering is depending upon the wavelength and particle size of the electromagnetic 
waves. During propagation, electromagnetic waves possibly can interact with particles 
or discontinuities, and locally outface the local electron distribution. This variation 
provides periodic charge separation within the particle causing oscillation of the in-
duced local dipole moment acting as a source of electromagnetic radiation thus causing 
scattering. Most of the scattered waves oscillate at the same frequency as the incident 
wave, and are termed elastic scattering. Interaction with the incident beam may also 
responsible for absorption. Generally, electromagnetic waves scattered by particles 
can be explained by two theoretical frameworks: Rayleigh scattering that may apply 
to small, dielectric, non-absorbing spherical particles, and Mie scattering that provides 
a general solution to scattering independent of particle size. Mie scattering theory gives 
a generalized approach which has no particle size limitations and converges to the limit 
of geometric optics for large particle sizes. The size of the particle and the wavelength 
of the illuminating radiation is the base of Rayleigh scattering [14]. The intensity is 
increased rapidly with the ratio of particle size to wavelength increases in case of Ray-
leigh scattered radiation. If the particle radius is much smaller than the wavelength of 
incidence wave, then the scattering is called “Rayleigh scattering”. 
The incident E-field induces a dipole moment which is time-varying in the sphere. 
This dipole radiates like a Hertzian dipole, and this radiation is the scattered radiation. 
Consider the z-directed E-field phasor for the incident plane wave at the location of 
the particle is: Ê(ŕ=0) =Ei, the dipole moment phasor P induced in the sphere is there-
fore [15]: 
 
 𝑃 = 4𝜋Ɛ0𝑎
3(
Ɛ1−Ɛ0
Ɛ1+2Ɛ0
)𝐸𝑖 . (17) 
 
Total scattered power Ps from a dielectric sphere is 
 
 𝑃𝑠 =
4𝜋
3ɳ0
𝑘4𝑎6 (
Ɛ1−Ɛ0
Ɛ1+2Ɛ0
)
2
|𝐸𝑖| , (18) 
 
 
and the scattering cross section of the scatterer is expressed as  
 
 𝜎𝑠 =
8𝜋
3
𝑘4𝑎6 (
Ɛ1−Ɛ0
Ɛ1+2Ɛ0
)
2
, (19) 
 
where, 
(|𝐸𝑖(𝑟)|2
2ɳ0
 the incident power per unit area. σs is the ratio of the total scattered 
power to the power per unit area of the incident wave at the scattering location. 
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2.2.7. Path loss 
Path loss means the reduction of power density or signal attenuation during the path 
of signal propagation. This is the most common component used to analysis the link 
budget. Consider PT as transmitted power radiated from an isotropic antenna. This an-
tenna refers as a point source who can radiates power uniformly in all directions. As-
sume that the point source is placed in a position such as the antenna sphere with radius 
d is centered on it. 
If the free-space transmission is assumed the radiated power density will be uniform 
at all points on the sphere’s surface. The total transmitted power PT will pass outward 
through the sphere’s surface. Then the radially directed power density can be ex-
pressed as 
 
 𝑃𝐷 = 𝑃𝑇/4𝜋𝑑
2 . (20) 
 
If the effective area AR of receiving antenna is located on the surface of the sphere, the 
power density times with area of the antenna should be equal to the total receive power 
PR. This is expressed as [16] 
 
 𝑃𝑅 = 𝑃𝑇(𝐴𝑅 4𝜋𝑑
2)⁄  , (21) 
 
the effective area AT of transmitting antenna concentrates its radiation within a small 
solid angle or beam thus, an on-axis transmitting antenna gain is achieved, with respect 
to an isotropic radiator, of 
 
 𝑔𝑇 = 4𝜋 𝐴𝑇 𝜆
2⁄  . (22) 
 
Let’s use this antenna in place of the familiar isotropic radiator. Then the equation 
for receive power 
 
𝑃𝑅 = 𝑃𝑇(4𝜋 𝐴𝑇 𝜆
2⁄ ) ⋅ 𝐴𝑅 4𝜋𝑑
2)⁄  
⇒ 𝑃𝑅 = 𝑃𝑇(4𝜋 𝐴𝑇 𝜆
2⁄ ) ⋅ 𝑃𝑇(4𝜋 𝐴𝑅 𝜆
2⁄ ). (𝜆 4𝜋𝑑)2⁄  
⇒ 𝑃𝑅 = 𝑃𝑇(𝑔𝑇) ⋅  (𝑔𝑅) ⋅ (𝜆 4𝜋𝑑)
2⁄  . (23) 
 
Thus, in decibels, the ratio of PT to PR is 
 
10 log(𝑃𝑇 𝑃𝑅⁄ ) = 20log (4𝜋 𝑑 𝜆) − 10 log(𝑔𝑇) − 10log (𝑔𝑅)⁄  , (24) 
 
where the distance and frequency dependent term in the equation define the free space 
path loss. So, the free space path loss in term of frequency can be given by 
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 𝐹𝑆𝑃𝐿 = 20log (
4𝜋𝑑𝑓
𝑐
) . (25) 
 
2.2.8. Multipath fading 
A random process by which the variation of attenuation with various variables of a 
signal is considered as fading. Fading mechanisms involved with refraction, reflection, 
diffraction, scattering and attenuation of radio waves. Fading can be multipath induced 
due to multipath propagation or can be shadow fading by the effect of shadowing. 
Generally, frequency diversity is considered as one of the best techniques for reducing 
multipath fading because multipath fading is usually frequency selective. 
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3. COMPLEX DIELECTRIC CONSTANT 
Dielectric materials have an important role in electronic device. Dielectric materials 
are used for high frequency electronic circuits and the dielectric properties of the ma-
terial drive the circuit operation. A dielectric material will be polarized under an elec-
tric field and the dielectric properties carries valuable information regarding the stor-
age and dissipation of electric and magnetic fields in materials [17] . An electric dipole 
is the effect of two equal charges of opposite polarity separated from each other by a 
small distance. The electric field is produced by the electric dipoles in the dielectric 
materials. The electric field is uniform and at the edges there is a fringing of the electric 
flux. The electric flux density is also uniform in that region. The dielectric constant ε𝑟 
is measured as a ratio of electric flux density to electric field intensity. 
 
3.1. Definition of dielectric constant 
If a capacitor with capacitance C and a voltage V is applied, then the charge Q is 
directly proportional to the applied voltage and capacitance. The capacitance depends 
on the permittivity ɛ, as well as the area A of the capacitor and the distance of separa-
tion between the two conductive plates. Permittivity and capacitance are mathemati-
cally related as [18] 
 
 𝐶 = ɛ
𝐴
𝑑
 . (26) 
The dielectric constant of a material is the ratio of its permittivity to the permittivity 
of vacuum. So that it can be written as 
 
 ɛ𝑟 =
Ɛ
Ɛ0
 . (27) 
 
The dielectric constant is also known as the relative permittivity of the material. 
Since the dielectric constant is just a ratio of two similar quantities, it is dimension-
less. 
 
 
3.2. Effect of dielectric constant 
Radio waves travel in different parts of a medium. These different parts of a medium 
consist different dielectric constant.  Dielectric constant can be used to recognize the 
interaction between electromagnetic wave and material. Zero conductivity is expected 
by a perfect dielectric, but most real-world materials have both a dielectric constant 
and a nonzero conductivity. The dielectric becomes more lossy when the conductivity 
of the dielectric material is increased.  In case of non-ideal materials that effects on 
electromagnetic wave, the permittivity works as a function of the conductivity, and the 
frequency of the wave.   The propagation speed is depended upon the permittivity. 
Dielectric properties are related to the other properties of material or environment, e.g. 
variation of temperature can effect on dielectric properties. The increase of tempera-
ture is responsible for decrease in permittivity and drops in dielectric constant [19]. 
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3.3. Interaction in boundary of two medium 
On material boundaries to describe the impact of electromagnetic waves, it is crucial 
to determine the polarization angle of the plane of incidence. Consider the material as 
non-magnetic. From Figure 1 it can be observed that an electromagnetic wave incident 
in a dielectric boundary, when travelling from one medium to another, some of it is 
reflected and some transmitted. Snell’s law gives the relationship. It can be obtained 
from equations 13 and 14 and can written as 
 
 𝑛1𝑠𝑖𝑛ɵ1 = 𝑛2𝑠𝑖𝑛ɵ2 , (28) 
and 
 
 
 √ɛ1𝑠𝑖𝑛ɵ1 = √ɛ2𝑠𝑖𝑛ɵ2 . (29) 
There could be possible, an angle is such that the total incidence wave is transmitted 
means of no reflection. The incidence angle where the incidence wave is totally trans-
mitted known as Brewster angle or the angle of polarization. It depends on the dielec-
tric properties and given by [20] 
 
 ɵ𝑏 = 𝑡𝑎𝑛
−1(√
ɛ2
ɛ1
) . (30) 
 
Brewster angle is measured by the incident angle for which the reflected wave is po-
larized perpendicular to the incidence plane for any polarization of the incident wave 
[21]. This leads the case of parallel mode the reflection coefficient is zero or totally 
transmitted. The Brewster angle relates to the dielectric properties of the material. So, 
it is possible to measure the dielectric constant of the material if the Brewster angle is 
known.  
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4. CHANNEL MODELLING 
Channel modelling in wireless communication has always been an important topic. It 
has gained rapid development within a few eras due to the development and advance-
ment of wireless technologies. The aim of future wireless services to provide future 
generation mobile communication systems to be used in low- mobility environments 
with limited temporal or multipath diversity.  
 
4.1. Tapped delay line model 
A system model with at least one “tap” creates a delay line is known as the tapped 
delay line. It exacts the signal output from the delay line, optionally scales it and line-
arly sums with other taps to form an output. It can efficiently simulate multiple echoes 
by unchanging the source signal thus the popularity of using a tapped delay line model 
is increased [22]. An example can be shown by the below Figure 2 for explaining the 
tapped delay line. The total length of the delay line is A2 samples and the output of the 
model is the linear combination of the input signal x(n) the tapped delay line output 
(x-A2) and the tap signal x(n-A1). 
 
 
Figure 2. Tapped delay line model [22]. 
 
The difference of the TDL of Figure 2 is, by inspection 
 
𝑦(𝑛) = 𝑏0𝑥(𝑛) + 𝑏𝐴1𝑥(𝑛 − 𝐴1) + 𝑏𝐴2𝑥(𝑛 − 𝐴2) , (31) 
 
where the y(n) is the output of the model and the corresponding transfer function is 
 
 𝐻(𝑧) = 𝑏0 + 𝑏𝐴1𝑧
−𝐴1 + 𝑏𝐴2𝑧
−𝐴2 . (32) 
 
This transfer function provides the outputs of each possible input. In some application 
transpose of the above the system model is essential. This transpose TDL can be ob-
tained by the formal transportation of above system diagram. A TDL is also suitable 
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for parallel processing. TDL is the based concept of finite impulse response (FIR) fil-
ter. A FIR filter is based on a feed-forward equation. Feed-forward means that there is 
no feedback of past or future outputs to form the present output. 
 
4.2. Indoor channel models 
For RF communications such as wireless LANs, wireless keyboard or mouse, cordless 
phones indoor propagation of electromagnetic waves is the heart of the communica-
tions. The environment of indoor is pretty much different than the environment of out-
door. It is different due to many facts like building structure or construction materials. 
The environment also can be changed by the indoor activities like the movement of 
people, closing doors etc. thus, an indoor environment using a deterministic model is 
not suitable. In outdoor environment operating distance is larger but in the indoor en-
vironment its smaller near about few meters or sometimes it can be few centimeters. 
So, interference can occur, and it’s become very unfriendly. By computing the signal-
to- interference ratio at the receiver, the effect of various interference can be estimated. 
The principal characteristics of an indoor RF propagation environment that dif-
ferentiate it from an outdoor environment are that the multipath is usually severe, and 
the characteristics of the environment can change drastically over a very short time or 
distance [23]. The ranges involved tend to be rather short, on the order of 100 m or 
less. Walls, doors, furniture, and people can cause significant signal loss. Indoor path 
loss can change dramatically with either time or position, because of the amount of 
multipath present and the movement of people, equipment, and/or doors. When con-
sidering an indoor propagation channel, it is apparent that in many cases there is no 
direct line of sight between the transmitter and the receiver. In such cases, propagation 
depends upon some properties like reflection, diffraction and scattering.  Fading can 
affect also in degrade a signal. Delay and Doppler spread are usually less significant 
in an indoor environment as compared to outdoor environments. In addition, the wave 
may experience depolarization, result in polarization loss at the receiver. There are two 
general types of propagation modelling: site-specific and site general. Site-specific 
modelling requires detailed information on building layout, furniture, and transceiver 
locations. It is performed using raytracing methods in a CAD program [24]. For large-
scale static environments, this approach may be viable. For most environments, limited 
knowledge of building layouts and materials and the environment itself can turn into 
moving furniture or doors. This is the reason why the site-specific technique is not 
commonly employed. Site-general models are generally used because it provides gross 
statistical prediction of path loss for link design and are useful tools for performing 
initial design and layout of indoor wireless systems [25]. 
 
4.3. MIMO channel models 
Multiple Input Multiple Output (MIMO) system is the concept of providing higher 
throughputs within a given bandwidth. The connection between the transmitter (TX) 
and receiver (RX) is described by the MIMO channel. Figure 3 illustrates a 2×2 MIMO 
system. It shows that 2 antennas are used in TX and 2 for RX. The MIMO system is 
demonstrated with the channel matrix H and scattering medium is present around it. 
 
 
 
24 
 
Figure 3. 2×2 MIMO system [26]. 
 
For the above M and N indicates number of TX and RX antennas respectively. The 
input and output relationship can be expressed as [26] 
 
 𝑦(𝑡) = 𝑯(𝑡) ∗ 𝑠(𝑡) + 𝑛(𝑡) , (33) 
 
where y(t) is the received signal, H(t) is an M×N channel impulse response matrix, s(t) 
is the transmitted signal, n(t) is additive white Gaussian noise (AWGN), and ∗ denotes 
convolution. By simplifying the above input-output relationship the equation becomes  
 
 𝑦 = 𝑯𝑠 + 𝑛 . (34) 
 
Matrix H is effective for describing the propagation channel between all transmit and 
receive antennas. Now considering the noise the representation of H should be ex-
pressed as 
 
 𝑯(𝜏) = ∑ 𝑯𝑖ẟ(𝜏 − 𝜏𝑖)
𝐿
𝑖=1  , (35) 
 
where L is the number of taps of the channel model. The MIMO channel models is 
divided into the wideband models and the narrowband models depending on the band-
width of the system. Wideband propagation channels are treated as frequency selec-
tive, meaning that different frequency sub-channels have different channel response. 
In case of narrowband models, the channels have frequency non-selective fading, and 
thus the channel response is same over the total system bandwidth [26]. 
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5. MEASUREMENT TECHNIQUES 
This chapter is first describing various channel measurement techniques, and then fo-
cuses on the measurement techniques for dielectric characteristics. Last part of this 
chapter presents different measurement scenarios are performed regarding this project 
work.  
 
5.1. Channel measurement methods 
Wideband multiantenna multiuser systems are more and more popular. Important fea-
tures of the radio channel for example are the channel’s frequency selectivity, directiv-
ity, polarimetric properties, and their relation to channels of the other users are becom-
ing obvious. After completing the measurements one can have a bundle of data, and 
these are analyzed to get desired results. Due to a bulk number of measurement cam-
paigns, different measurement methods are addressed such as distributed cooperative 
systems, the polarimetric channel, vehicular channels under high mobility, ultra-wide-
band channel sounding, and millimeter and submillimeter-wave systems. The first part 
of this chapter gives an overview of ultra-wideband channel sounding, and millimeter 
and submillimeter-wave systems.  
 
5.1.1. Ultra-wideband channel sounding 
Ultrawide frequency bands are handling by the ultra-wideband (UWB) channel sound-
ing. Equipment that can deal with UWB is needed. A test instrument called vector 
network analyzer (VNA) is capable to cover these frequency bands, and it is used com-
monly in many labs. The key advantage of VNA-based measurement is a large and 
flexible dynamic range of the measurement bands. The major disadvantages are its 
requirement of RF cables to connect the TX and RX antennas, and due to the sequential 
scanning of frequency points, the measurement speed is time-consuming. With an op-
tional time, domain transformation capability, channel sounding can be done also in 
the time domain.  
Time-domain channel sounding uses commonly two methods. One method is the 
transmission of short pulses that results directly at the receiver as a channel impulse 
response. The bandwidth of the transmitted pulse is determined the time resolution. 
However, it is difficult to generate pulses with a short rise time, and the pulse energy 
is decreased due to increasing bandwidth which results in very low power.  
PN sequence as a sounding signal can be defined as the second method. It transmits 
digital symbols instead of isolated pulses, and by this continuous transmission it in-
creases the average power of the transmitted signal. The frequency-domain channel 
sounding can be defined by M-sequence channel sounding. In that case, the channel 
sounder is based on maximum length binary sequence (MBLS). The channel sounder 
generates an MBLS by using the shift register, and the obtained baseband signal is up 
converted to cover the desired frequency band. In M-sequence channel sounding, cal-
ibration is the key step. Finally, the system response is taken from the transmit and 
receive ports. The accuracy of measurement is verified by comparing a standard meas-
urement done with a VNA. 
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5.1.2. Millimeter and submillimeter-wave systems 
Millimeter waves (mmW) and submillimeter waves (sub-mmW) can provide promis-
ing solutions for broadband data rates in short-range communications. It has become 
a challenge to transmit of multi-Gbit/s data with such frequencies. Successive 
mmW/sub-mmW solutions can reduce the use of wires in between a local network. 
The environment of short-range communication differs due to many things such as a 
higher density of users, diffraction from human bodies, metal cabins, etc. So, during 
channel modelling, a designer must consider all the possible obstacles and thus channel 
characterization of different scenarios and antenna patterns are important.  
UWB channel sounder can be a solution. This channel sounder should be based on M-
sequence UWB channel sounding. At UWB stage, using of multiple modules can be 
able to support distributed MIMO. The system should have a common chain to obtain 
I and Q signals for calibration purposes. Thus, a serial I/Q concept can be implemented 
with 90° local oscillator (LO) phase sifting. Frequency modulation continuous wave 
(FMCW) techniques can be another sounder implementation. In this case, a continuous 
wave signal is repeated excite the channel and the phase noise can be predicted [27]. 
 
5.2. Measurement techniques for dielectric properties 
There are many measurement methods to find the dielectric properties of materials 
such as, coaxial probe method, transmission/reflection line method, free space method, 
resonant cavity method, parallel plate method. The open ended co-axial probe method 
is assuming only the TEM or TE mode is propagating. In this method, for measuring 
the reflection coefficient the probe is immersed into the liquids, and the permittivity is 
determined. Dielectric probe is used to measure the complex dielectric constant of the 
material. The flat face of a material is brought under touch of the probe, the electro-
magnetic field of the probe is penetrated into the material, and the reflected signal 
(𝑆11) is measured [28]. This is an easy technique, but the accuracy is very poor.  
The transmission/reflection line method is the most popular one for measuring dielec-
tric properties. It is assumed that the fundamental waveguide mode is to propagate. A 
dielectric material is placed inside the transmission line and an electromagnetic wave 
is directed towards it. A VNA is used for measuring complex two port scattering pa-
rameters [29].  
Free space method allows materials under test (MUT) for different environments such 
as high temperature, wide band frequencies. Free space method need two antennas 
connected to a VNA and between these two antennas a sample holder is needed where 
the material is to be placed [30].The VNA is then responsible for measuring the S-
parameters. The accuracy is achieved better on high time domain analysis. Resonant 
cavity method provides high accuracy. This typically consist of metallic cavity that 
resonate at specific frequencies. A piece of MUT is placed into the cavity that affects 
the resonant frequency (f) and quality factor (Q) of the cavity [28]. The complex per-
mittivity of the material is calculated at a single frequency by using these parameters. 
A typical network analyzer may consist of a measurement system with a resonant cav-
ity fixture and software to make the calculations. A parallel plate capacitor used as a 
sample holder in parallel plate method. Impedance analyzer is needed for this method. 
The measured capacitance and dissipation is used to calculate the dielectric properties 
[31]. 
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5.3. VNA based measurement system 
Vector network analyzer (VNA) is one of the best instruments in radio engineering 
and applications. The measurement results are essential in the most modern application 
such as device characterization or antenna tests etc. The ports of the VNA allow real-
life circuit-type parameters from devices under test (DUT).  The VNA characterizes 
high-frequency passive and active devices in their linear mode of operation by meas-
uring their network parameters, called S-parameters, as a function of frequency [32]. 
Modern VNAs are updated and extended in hardware that they can also measure noise 
parameters and nonlinear characteristics. Therefore, the VNA can perform multiple 
measurements by a single setup.  The VNA is popular for its accuracy and high dy-
namic range. It supports probing and adapter removal. The instrument provides step 
and impulse response information. Dealing with VNA is very easy or can say it is a 
user-friendly device. The data format can be changed according to demand. Working 
with frequency parameters are common because the analysis is done usually in the 
frequency domain. The transition from a frequency domain to time domain can be 
done by the inverse Fourier transform either directly in VNA or in a post-process using 
an analysis software. The measurement frequency range and the number of selected 
frequency points over the given frequency band are input options for a VNA measure-
ment. Although the VNA has too many advantages, it also has some drawbacks such 
as the long sweep time, limited measurement cable length, instrument costs etc. 
 
5.3.1. Proposed measurement system 
Figure 4 and 5 show the block diagram and the practical view of the measurement 
system in different scenarios. In Figure 4, the LOS measurement system is shown 
where antennas are faced to LOS direction for a reference measurement before they 
are tilted to look at the reflecting plywood sample. Hence, when monitoring the signal 
in time domain it shows the reflection impact also. In case of Figure 5, a sheet of 
absorber material is placed between the two antennas to attenuate the LOS signal. 
Here, MATLAB is used as centralized control software to control the devices and store 
the measurement data. General purpose interface bus (GPIB) was utilized to communi-
cate with the VNA. The used analyzer was 8720ES [33]. It should be considered that 
the antenna was not moving when VNA is performing the sweep. In this work, many 
other different scenarios have been performed, and the collected data are provided in 
a later chapter. 
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Figure 4. LOS reference measurement. 
 
 
Figure 5. Reflection measurement. 
 
 
5.3.2. Measurement setup 
The key concept is to find the dielectric constant of different dielectric materials.  Free 
space method for measurement is used in an anechoic chamber at university of Oulu. 
A VNA (8720ES), two antennas (R & S HF906) as TX and RX, and RF cables are 
used for this setup. The basic setup data specifications are described in Table 1. 
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Table 1: Basic setup data for measurements 
Antenna gain 10.5 dB 
Number of points 1601 
Frequency ranges 1-9.5 GHz, 9.5-18 GHz 
Cable length 16 meters 
Distance from TX to RX 2.94 meters 
 
The 2-port VNA system is used as a source to collect the data and to display the re-
sponses in terms of S-parameters.  GPIB interface is used to connect the VNA with a 
laptop and to collect and store the data for later analysis with MATLAB. 
 
5.3.3. Antennas 
An antenna is the basic component which provides the interconnecting links between 
transmitter and receiver via free space. In this experiment, the role of antennas is very 
crucial. Here, double-ridged waveguide horn (R & S HF906) antennas [34] are used. 
Their key features include: 
- broadband compact transmitting and receiving antenna, 
- frequency range 1-18 GHz, 
- gain 7-14 dBi,  
Positioning, tilt angles, polarization attitude, and the heights of the antennas were var-
ied to collect the data in different scenarios. Polarization of antenna is defined by the 
polarization of wave transmitted by the antenna. The antennas are not ideal radiative 
components, and it makes sense that not all power fed into it is necessarily radiated. 
Antenna matching is not measured for this setup. Instead, the reflected signal strength 
is compared to the direct LOS reference signal, and the path distance difference is 
compensated from the result. 
 
5.3.4. Scattering parameters 
Scattering parameters are needed to find the relationship between the incident, re-
flected and transmitted waves. The Scattering parameters (S-parameters) are presented 
as a function of frequency in a matrix structure. This is basically a mathematical struc-
ture that specify the propagation of a RF-signal in a multiport network. S-parameters 
of a network is the basic of finding the properties of an electrical network such as 
impedance, attenuation, dielectric properties, VSWR. S-parameters are given complex 
numbers, having magnitude and phase of the incident wave with real and imaginary 
parts [35]. In this case, VNA is used for collecting data from parameter 𝑆21, which 
yields the impulse response related to the radio channel. The 𝑆21 is analysed for getting 
the ρ. 
 
5.3.5. Calibration 
The instrument can be responsible for several errors in measurement. Environmental 
effect can change the properties of the instrument. Therefore, the VNA should cali-
brated before measurement in such a way that all effects due to the VNA are removed. 
RF cables and adapters are used as the transmission line between the VNA ports and 
the antennas. Calibration removes the effect of these components. The calibration can 
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be verified by connecting them in a direct loop, and checking the response. Another 
issue is the component temperature drift that can lead to errors. To minimize the errors 
due to temperature variance, VNA needs to be turned on for a certain time before tak-
ing measurement. Some other noises from VNA and environment can take places dur-
ing measurement, but generally their effect can be neglected. There are several cali-
bration methods, but only a few of them supports the use of calibration kit for a VNA. 
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6. RESULTS AND ANALYSIS 
6.1. Verification of the measurement setup 
The verification of measurement system is very necessary. If the measurement system 
works properly, one may go for the real experiment. For verification of measurements, 
a possible stable LOS-propagation environment is created. Later, this measurement is 
used as a reference measurement for the measurements. The measurement system was 
assembled in the anechoic chamber by building a small compartment using absorber 
blocks. However, the metal floor of the chamber was not covered by absorbers. In-
stead, the material under test was elevated on top of an absorber block, and the reflec-
tion from the MUT was separated in time domain. Figure 6 shows the LOS reference 
path delay and the respective power. This data can be utilized as LOS reference for 
measurements carried out on days Oct 16 and Oct17, irrespective of the polarization 
scenario. 
 
 
 
 
Figure 6: Measured LOS impulse response. 
 
6.2. Sample measurement of the selected frequency ranges 
The measurement is done in two successive frequency bands. The lower band is from 
1.0 to 9.5 GHz and the upper one is from 9.5 to 18 GHz. The experiment is done in 
different scenarios with 1601-point frequencies over each band. This number of points 
allows the data to be analyzed in narrower sub-bands if needed, still yielding a non-
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aliased impulse response. The measurements are taken for s-polarization and p-polar-
ization. The aim is to find the relative permittivity via Brewster angle by studying the 
reflection coefficient of a p-polarized signal. A part of measurement scenarios is 
showed in Figure 4 and Figure 5.  
 
 
6.3. Analysis of the measurement results 
The collected data is extracted and analyzed utilizing a MATLAB program. As men-
tioned, the recorded data is the 𝑆21 parameter measured over the radio channel. Re-
flection coefficient is calculated from the time domain data as a ratio of the reflected 
path power to the power of the LOS path. The angle of incidence is also calculated 
form the TX and RX coordinate data.  
Now, for measuring the relative permittivity, the equations are 
 
s-polarization/perpendicular polarization: 
 
 𝜌 =
𝑐𝑜𝑠ɵ𝑖−√ɛ𝑟−𝑠𝑖𝑛
2ɵ𝑖
𝑐𝑜𝑠ɵ𝑖+√ɛ𝑟−𝑠𝑖𝑛
2ɵ𝑖
 , (36) 
 
p-polarization/parallel polarization: 
 
 𝜌 =
ɛ𝑟𝑐𝑜𝑠ɵ𝑖−√ɛ𝑟−𝑠𝑖𝑛
2ɵ𝑖
ɛ𝑟𝑐𝑜𝑠ɵ𝑖+√ɛ𝑟−𝑠𝑖𝑛
2ɵ𝑖
 . (37) 
Two different frequency ranges (1-9.5) GHz and (9.5-18) GHz are used for this exper-
iment. Figures 7 and 8 show the LOS reference signal used for calculating the reflec-
tion coefficient on Oct 29.  
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Figure 7: Reference signal at 1-9.5 GHz frequency range. 
 
 
Figure 8: Reference signal at 9.5-18 GHz frequency range. 
 
 
 
34 
The sample data for both p-polarization and s-polarization at frequency ranges 1.0-
9.5 GHz and 9.5-18 GHz are plotted in Figures 9, 10, 11 and 12 respectively. The in-
cident angles are about the same, and the power level difference is 4.5 dB in favor for 
the s-polarization. Notice that the antennas were tilted to face directly the material 
sample. The LOS path is generated by the side lobes of the antennas during the reflec-
tion measurements is ignored in the analysis phase. Only the pure LOS paths presented 
in Figures from 6 to 8 are used as references.  
 
 
Figure 9: Sample data for p-polarization at 1.0-9.5 GHz frequency range, incident an-
gle 63.4°. 
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Figure 10: Sample data for s-polarization at 1-9.5 GHz frequency range, incident an-
gle 66.6°. 
 
 
Figure 11: Sample data for p-polarization at 9.5-18 GHz frequency range, incident 
angle 43.8°. 
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Figure 12: Sample data for s-polarization at 9.5-18 GHz frequency range, incident 
angle 58.7°. 
 
The reflection coefficient is calculated as the difference of the received reflection path 
power level with respect to the LOS path power, both expressed in dB scale, and con-
verted in the linear scale by transform 10(𝑃𝑅𝐸𝐹𝐿−𝑃𝐿𝑂𝑆)/10.   
The estimate for the complex dielectric constant is found by fitting the theoretical re-
flection coefficient curve (Eq. 38) in the p-polarization data and using minimum root 
mean square error (RMSE) as the fitting criterion. RMSE is calculated as  
 
 RMSE = √
1
𝑛
∑ (𝑌𝑖 − ?̂?𝑖)
2𝑛
𝑖=1 , (38) 
where 𝑌𝑖 is the sample value, ?̂?𝑖 is the estimation value, and 𝑛 is the number of sample 
values [36]. 
 
The p-polarization reflection coefficient graphs for frequency ranges 1-18 GHz, 
1.0-9.5 GHz and 9.5-18 GHz are given in Figures 13, 14 and 15, respectively. The 
reflection coefficients calculated from the measured data without path length compen-
sation are represented by black dots.  
Path length compensation considers the free space loss due longer propagation path. 
Compensation factor is according to [4]: 
 
 |𝜌| =
𝑑𝑟𝑒𝑓𝑙
𝑑𝑙𝑜𝑠
√
𝑃𝑟𝑒𝑓𝑙
𝑃𝑟𝑒𝑓𝑙
 (39) 
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After applying the path length compensation, coefficients falling within one degree 
from each other are averaged to give the data equal weighing over the abscissa. The 
average reflection coefficients are plotted with red markers. Finally, the theoretical 
curve of the reflection coefficient is fitted on the data. 
 
The results are presented in Table 2.  
 
Table 2: Complex relative permittivity of dry 19 mm plywood 
 𝛆𝐫 = 𝛆
′ − 𝐣𝛆" RMSE 
1-18 GHz 2.13 − 𝑗0.78 0.014 
1-9.5 GHz 1.90 − 𝑗0.79 0.012 
9.5-18 GHz 2.35 − 𝑗0.58 0.011 
 
 
 
 
Figure 13: Reflection coefficient graph for p-polarization at  
1-18 GHz frequency range. 
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Figure 14: Reflection coefficient graph for p-polarization at  
1.0-9.5 GHz frequency range. 
 
 
 
Figure 15: Reflection coefficient graph for p-polarization at  
9.5-18 GHz frequency range. 
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7. DISCUSSION 
7.1. Evaluation of the proposed model 
After completing the measurement setup, the data is collected and analyzed. Figures 
13, 14 and 15 shows the reflection coefficients against the incidence angles which 
gives the dielectric constant including the complex value. Table 2 shows the results. 
Observing the above scenarios, one can take the decision that the assessment process 
can provide the desired results. Finally, it can be said that the experiment is success-
fully done. However, the data recorded at lower frequency band has no samples below 
58° angle of incidence, which leads to a rather low εr value. This is also evident in 
Figure 14. 
 
7.2. Possible improvements for future work 
There are several ways to improve the measurement system. Adding new options to 
the measurement system and reducing the operating time of sweeps can be a good 
improvisation. An external analysis software can be made and can be used for making 
the results smoother in the future. The measurement is not limited only into an ane-
choic chamber, but can be extended a fixed boundary like in a classroom or in outdoor 
environments. Using higher gain antennas are required only for setups where the re-
flation paths are longer. 10.5 dB horn antennas are enough to reach the required dy-
namic range in the current setup. More advanced graphical user interfaces can be used, 
instead of MATLAB. 4-port VNA and cross-polarized antennas enable measuring of 
both the p- and s-polarizations simultaneously.  
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8. SUMMARY 
The goal of this thesis is to corroboration of a measurement setup for assessing dielec-
tric constant. The measurement setup is designed by a two port VNA and two horn 
antennas. The setup is controlled, and data is collected by a control software. The sys-
tem is efficient for operating in 1-18 GHz frequency range. This study relates to the 
propagation of electromagnetic wave and various affected phenomena during propa-
gation. The theoretical part is basically concerning the propagation nature and impair-
ments of electromagnetic wave and the effect of dielectric properties of dielectric ma-
terials when the electromagnetic wave is reflecting from the flat surface of a material 
sample. The experiments are done in an anechoic chamber and a dielectric material is 
placed between the TX and RX antennas in such a way that the angle of incidence can 
be varied in the reflection interaction. Various scenarios are created during the exper-
iments and their results are evaluated. These results show the reflection coefficient and 
from the reflection coefficient the pseudo Brewster angle is determined. Finally, the 
assessment of complex dielectric constant is done with the help of Brewster angle and 
reflection coefficient.  
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